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Abstract— In this paper, a further leakage reduction of
AlGaN/GaN Schottky barrier diodes with gated edge termina-
tion (GET-SBDs) has been achieved by optimizing the physical
vapor deposited TiN as the anode metal without severe degra-
dation of ON-state characteristics. The optimized GET-SBD
multifinger power diodes with 10 mm anode width deliver ∼4 A
at 2 V and show a median leakage of 1.3 µA at 25 °C and
3.8 µA at 150 °C measured at a reverse voltage of −200 V.
The temperature-dependent leakage of Si, SiC, and our GaN
power diodes has been compared. The breakdown voltage (BV)
of GET-SBDs was evaluated by the variation of anode-to-cathode
spacing (LAC) and the length of field plate. We observed a
saturated BV of ∼600 V for the GET-SBDs with LAC larger
than 5 µm. The GET-SBD breakdown mechanism is shown to
be determined by the parasitic vertical leakage current through
the 2.8 µm-thick buffer layers measured with a grounding
substrate. Furthermore, we show that the forward voltage of
GET-SBDs can be improved by shrinking the lateral dimension
of the edge termination due to reduced series resistance. The
leakage current shows no dependence on the layout dimension
LG (from 2 to 0.75 µm) and remains at a value of ∼10 nA/mm.
The optimized Au-free GET-SBD with low leakage current
and improved forward voltage competes with high-performance
lateral AlGaN/GaN SBDs reported in the literature.
Index Terms— 200-mm substrate, AlGaN/GaN, Au-free,
edge termination, leakage reduction, Schottky barrier
diode (SBD), TiN.
I. INTRODUCTION
OVER the last few years, electronic devices based onAlGaN/GaN heterojunction have emerged as promising
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candidates for high-power switching applications due to
the superior material properties compared with conventional
silicon [1]–[5]. The wide bandgap nature of GaN-based elec-
tronic devices and the high mobility and electron density of
the 2-D electron gas (2DEG) at the AlGaN/GaN heterointer-
face lead to a high-power figure-of-merit (FOM) BV2/RON,SP
and enable power conversion with higher efficiency [6].
To enable low-cost production of GaN-based devices, many
research groups have been developing AlGaN/GaN epi-layers
on large-area silicon substrates [7]. Recently, the fabrication
of high-performance AlGaN/GaN high electron mobility tran-
sistors and Schottky barrier diodes (SBDs) with a Au-free
CMOS-compatible process flow on a 200-mm Si substrate
has been a major breakthrough for the realization of efficient
high-power devices at low manufacturing cost [4], [8].
In efficient power converters, the GaN-based SBD is
required to have a low leakage current in the OFF-state and
a low forward voltage drop in the ON-state, thus minimal
static power loss of the diode can be obtained [9]. Partial
or full AlGaN barrier recess in the anode region has been
reported to increase the forward current and lower the forward
voltage drop [3], [9]. Furthermore, AlGaN/GaN SBDs with
gated ohmic anode structure have been proposed to achieve
low turn-ON voltages [10]. Various designs of field-plates
and edge terminations in lateral and vertical GaN-based
SBDs have been reported to suppress the OFF-state leakage
current [9], [11], [12]. Matioli et al. [13] presented a lateral
AlGaN/GaN SBD with a 3-D anode structure, where an
integration of a trigate MOS structure with a Schottky
junction is designed, demonstrating an ultralow leakage
of 260 pA/mm and a turn-ON voltage of 0.85 V. Among those
promising AlGaN/GaN SBD architectures, typical high work-
function (φm) Ni/Au or Pt-based metals were used for the
fabrication of the Schottky contacts [3], [6], [10], [12], [13].
This hinders the high-volume production of those high-
performance devices in existing CMOS-compatible processing
lines because of their limited dry-etch capability [14].
In [4], we have demonstrated an architecture of the
AlGaN/GaN SBD with gated edge termination (GET-SBD)
in Au-free technology and obtained significant diode leakage
reduction and good ON-state characteristics. The embedded
edge termination in the anode trench enables the reduction
of the peak E-field at the anode edge; thus, a low leakage
current was obtained in AlGaN/GaN SBDs [9]. Since the
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Schottky barrier height (SBH φB ) is an important parameter
determining the diode characteristics, the selection of high
work-function Au-free metals for anode electrode can poten-
tially improve the OFF-state characteristics and optimize the
performance of the AlGaN/GaN SBDs [15].
In this paper, we extensively study the impact of anode
metal and layout parameters on the diode’s OFF- and ON-state
characteristics. We used two different types of TiN, a standard
physical vapor deposited (PVD) TiN and a PVD TiN with
ionized metal plasma source (IMP TiN), as the anode metal
in intimate contact with the AlGaN barrier. The IMP TiN
showed a high-φm , which allows a further reduction in the
leakage current of the AlGaN/GaN GET-SBD. The leakage
reduction by optimizing the TiN has been confirmed on small
diodes and multifinger power diodes with total anode width
of 10 mm. The diode forward voltage is found to scale
down with the reduction of the length of edge termination
without sacrificing the leakage characteristics. The benchmark-
ing of the diode leakage current and forward voltage shows
that our optimized GET-SBDs demonstrate very competi-
tive performances with those of reported lateral AlGaN/GaN
SBDs, which are mostly fabricated with Ni/Au-based
technologies [3], [6], [10], [12], [13].
II. EXPERIMENTAL DETAILS
A. Epi-Structure and Device Processing
AlGaN/GaN heterostructure layers were grown on
200-mm silicon wafers by metalorganic chemical vapor
deposition (MOCVD). The epi-stack consists of a 10-nm
Al0.25Ga0.75N barrier, a 150-nm GaN channel layer, a 2.8-μm
C-doped AlGaN buffer as the back-barrier, and a 200-nm AlN
nucleation layer on p-type Si(111) substrates. The passivation
capping layer of the wafers was 5 nm in situ MOCVD Si3N4.
The surface of the entire stack was then encapsulated by a
140-nm Si3N4 layer by means of rapid thermal chemical
vapor deposition. The removal of the Si3N4 passivation layer
in the anode region was performed by SF6 dry-etching. The
AlGaN barrier recess was performed with an atomic layer
etching process. After recess, the 5-nm AlGaN barrier was
left in the anode region. To form an edge termination, the
15-nm Si3N4 layer was deposited inside the anode trench
by means of plasma-enhanced atomic layer deposition. The
center region was opened to allow the formation of a Schottky
contact on the top of the AlGaN barrier. Before the deposition
of the anode metal, an in situ N2 plasma cleaning treatment of
the anode area was done to clean the AlGaN surface [16]. The
Au-free anode metal stack is composed of 20-nm TiN/20-nm
Ti/250-nm Al/20-nm Ti/60-nm TiN. An Au-free metal stack
of Ti/Al-based metals was deposited for the cathode contact
formation, which was annealed at 550 °C [4]. A schematic
of the AlGaN/GaN SBD with gated edge termination
(GET-SBD) is shown in Fig. 1(a). Two-level anode FPs are
fabricated on the Si3N4 passivation layers toward the cathode.
The layout design of the GET-SBD is shown in Fig. 1(b). The
Schottky contact length (LSC), the anode finger width, and
the anode-to-cathode distance (LAC) were 6, 100, and 5 μm,
respectively. A cross-sectional SEM image of the anode
Fig. 1. (a) Schematic cross section of the AlGaN/GaN GET-SBD and
two-level FPs. (b) Layout design of the GET-SBD. (c) Cross-sectional
SEM image of the anode region in GET-SBD.
region in GET-SBD is shown in Fig. 1(c), presenting LG of
1.5-μm gated edge termination (GET) and two-level anode
metal FPs. The conventional AlGaN/GaN SBD (without
edge termination and without AlGaN barrier recess) was also
processed as a reference, and the two-level FP structure was
fabricated as well in the reference SBD.
B. Optimization of TiN as Anode Metal
Concerning the bottom 20-nm TiN layer, standard PVD
TiN (at 23 °C) and IMP PVD TiN (at 350 °C) were used
separately on two otherwise identical wafers. For the depo-
sition of IMP TiN, an inductively coupled Ar/N2 plasma
was used to ionize the sputtered atoms at a relatively high
temperature. The crystallographic orientation of PVD TiN
and IMP TiN was examined by the grazing incidence X-ray
diffraction (GIXRD) with spectra shown in Fig. 2(a). It was
found that IMP TiN predominantly consists of (200) crystal-
lites (a peak at 42.5°) compared with mixed grain orientations
in standard PVD TiN [17]. The difference can be related to
the difference in deposition temperature because metal tends
to grow in a preferred orientation to obtain a stable crystal
structure at high deposition temperatures [18]. The deposi-
tion details and material properties of these two TiN metals
are further summarized in Table I. It was reported that the
work-function of metals is dependent on the crystallographic
orientation [19]. Capacitance–voltage (C–V ) measurements
have been performed at 100 kHz on conventional AlGaN/GaN
SBD and GET-SBD with IMP TiN and standard PVD TiN,
respectively [in Fig. 2(b)]. A positive VTH shift (∼200 mV) is
observed in the SBD and GET-SBD with IMP TiN compared
with devices using PVD TiN, this indicates a higher φm for
IMP TiN compared with standard PVD TiN.
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Fig. 2. (a) GIXRD spectra of the standard PVD TiN and the IMP TiN.
(b) Capacitance–voltage (C–V ) measurements on conventional AlGaN/GaN
SBD and GET-SBD with IMP TiN and standard PVD TiN, respectively. The
VTH of SBD and GET-SBD is shifted positively with a value of ∼200 mV
with IMP TiN.
TABLE I
DEPOSITION DETAILS AND PROPERTIES OF
STANDARD PVD TiN AND IMP TiN
Fig. 3. (a) Typical OFF-state characteristics of the GET-SBD (labeled as
GET-SBD1) and the one with optimized TiN anode metal (labeled as
GET-SBD2) measured down to VR of −300 V, the leakage of a reference
AlGaN/GaN SBD is also shown. (b) Statistical plot of room-temperature
leakage current (at VR of −100 V) for GET-SBD1 and GET-SBD2.
III. RESULTS AND DISCUSSION
A. Leakage Optimization With IMP TiN
As displayed in Fig. 3(a), the leakage current of
conventional SBD, GET-SBD with standard PVD TiN (labeled
as GET-SBD1), and GET-SBD with IMP TiN (GET-SBD2) is
measured (at 25 °C) down to a reverse voltage (VR) of −300 V.
The conventional AlGaN/GaN SBD (with PVD TiN as the
anode metal) suffers from high leakage due to electron
tunneling through the AlGaN barrier layer in the lateral
depletion region [9], though a 1-μm-long FP was fabricated
on the 140-nm-thick Si3N4 layer. In the GET-SBD, the edge
termination (15-nm Si3N4) pinches off the 2DEG channel
effectively and redistributes the electric field in the vicinity
of the Schottky contact [4], [9]. With the same anode metal of
PVD TiN, GET-SBD1 shows three-order-of-magnitude reduc-
tion in leakage compared with the conventional SBD. When a
Fig. 4. (a) Typical leakage and breakdown characteristics of the
GET-SBDs and optimized GET-SBDs with a variation of anode-to-cathode
spacing LAC. The statistical plots of BV (at current level of 5 mA/mm)
in GET-SBD1 and optimized GET-SBD2 with four different LAC are
shown in (b) and (c), respectively.
thicker Si3N4 is used in the edge termination, the VTH of the
GET structure will shift in the negative direction. This can lead
to an increase of the leakage. By combining a high-φm IMP
TiN and an edge termination in GET-SBD2, a higher SBH
and lower E-field can be obtained simultaneously, resulting
in a stronger blocking capability for the leakage. This yields
a 5 to 6 orders of magnitude leakage reduction compared
with the conventional devices with PVD TiN. In Fig. 3(b),
the statistical leakage value over the 200-mm wafers (at VR
of −100 V) of GET-SBD1 and optimized GET-SBD2 with
IMP TiN is shown. It confirms that the leakage current can
be further reduced with a high φm IMP TiN as anode metal.
The optimized GET-SBD2 shows a median leakage value
of 10.8 nA/mm compared with 2.39 μA/mm in the case of
GET-SBD1 with standard TiN as the anode metal.
To evaluate the breakdown voltage (BV), OFF-state mea-
surements on both GET-SBD1 and optimized GET-SBD2
with a variation of anode-to-cathode spacing LAC (from
1.5 to 10 μm) are performed. As presented in Fig. 4(a), the
diode leakage current (prior to the diode breakdown or buffer
breakdown) is independent of LAC in both GET-SBDs due to
the function of the gated edge termination. This observation
is different from the results reported in [10] and [20], where
a LAC-dependent leakage characteristics were shown. The
difference in leakage current between the GET-SBD1 and
the optimized GET-SBD2 is further shown in Fig. 4(a). The
BV of these two GET-SBDs with identical LAC appears to
be the same, driven by the same breakdown mechanism.
In Fig. 4(b) and (c), the statistical BV values (when the leakage
reaches 5 mA/mm) of GET-SBD1 and GET-SBD2 with
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Fig. 5. (a) TCAD simulation of electric field distribution in AlGaN
barrier (0.5 nm away from the anode contact) at −200 V. (b) Breakdown
characteristics of GET-SBD1 and GET-SBD2 with variation of the second FP,
the buffer leakage currents were monitored during the measurements.
LAC variations are shown. With the increase of LAC dimension
(from 1.5 to 5 μm), there is a linear increase (∼120 V/μm)
of the BV observed in both structures. This BV mechanism is
triggered in the AlGaN/GaN active layers in the vicinity of the
anode contact, where a peak electric field is present. A further
increase of LAC dimension from 5 to 10 μm, however, does
not lead to a further enhancement of BV. This is due to the
buffer breakdown in the vertical direction, where the electric
field increases vertically as the reverse voltage increases. For
GET-SBD with LAC of 5 μm, the diode shows excellent
performance for 200-V applications. Further buffer design and
optimization are needed to boost the buffer BV allowing for
higher voltage applications of the diode.
In Fig. 5(a), the electric field distribution in the AlGaN
barrier (0.5 nm away from the contact) was simulated in
TCAD for GET-SBD with a variation of the second FP. The
electric field is more uniformly distributed at the access region;
however, the peak electric field at the Schottky contact (SC)
does not change with an implementation of the second
FP structure. In Fig. 5(b), the breakdown characteristics of
GET-SBD1 and GET-SBD2 (LAC of 5 μm) are presented
for devices with and without second FP. The buffer leakage
currents were monitored simultaneously during the measure-
ments. It is seen that the leakage value prior to breakdown is
independent of the second FP for GET-SBD1 and GET-SBD2.
This can be explained by the TCAD simulation in Fig. 5(a),
which shows an unchanged peak E-field at the anode edge.
When reverse voltage exceeds 400 V, the buffer leakage
becomes more dominant than the leakage of the diode.
It further confirms that the buffer breakdown of the GET-SBD
is the limiting factor for its high-voltage operations.
Multifinger GET-SBD power diodes with 10-mm anode
width [layout is shown in Fig. 6(a)] have been characterized
with the substrate grounded. The temperature-dependent
OFF-state characteristics of GET-SBD1 and GET-SBD2
are shown in Fig. 6(b). The statistical leakage current
(at VR of −200 V) at 25 °C and 150 °C for GET-SBD1 and
GET-SBD2 power diodes are presented in Fig. 6(c) and (d),
respectively. These results show a good yield of the power
diodes, and the optimized GET-SBD2 demonstrates a leak-
age current of 1.3 μA at 25 °C and 3.8 μA at 150 °C
with very weak temperature dependence. This indicates that
Fig. 6. (a) Layout of 10-mm multifinger GET-SBD. (b) Typical OFF-state
characteristics of GET-SBD1 and GET-SBD2 power diodes measured
at 25 °C and 150 °C. The statistical leakage values of GET-SBD1 and
GET-SBD2 (at 25 °C and at 150 °C) are shown in (c) and (d), respectively.
Fig. 7. (a) Typical forward characteristics of GET-SBD1 and GET-SBD2
at both 25 °C and 150 °C. (b) Statistical plot of turn-ON voltage VT
(at forward current of 1 mA/mm) and forward voltage VF (at forward current
of 100 mA/mm) for GET-SBD1 and GET-SBD2 at 25 °C.
our optimized GET-SBDs are promising for high-temperature
and high-power applications where a low leakage current is
required.
B. Forward Current in GET-SBD With
PVD TiN and IMP TiN
The typical forward characteristics of GET-SBD1 and
GET-SBD2 at both 25 °C and 150 °C are presented in
Fig. 7(a). The statistical values of turn-ON voltage VT
(at forward current of 1 mA/mm [6], [10], [20]) and forward
voltage VF (at forward current of 100 mA/mm) for GET-SBD1
and GET-SBD2 are shown in Fig. 7(b). The forward voltage
defined here combines the effect of the turn-ON voltage and
the on-resistance of the diode, which can be a good operating
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TABLE II
TEMPERATURE-DEPENDENT LEAKAGE (AT Vac OF −200 V) BENCHMARKING OF Si, SiC, AND LATERAL GaN POWER DIODES
Fig. 8. Forward characteristics of (a) GET-SBD1 power diodes and
(b) GET-SBD2 power diodes measured at 25 °C and 150 °C. The results
show high yield and good uniformity over 200-mm silicon wafers.
point of the diode. The median values of VF for GET-SBD1
and GET-SBD2 are 1.14 and 1.22 V, respectively. Though the
anode metal IMP TiN has a higher φm , no severe degrada-
tion of ON-state characteristics of GET-SBDs is observed.
By using the formula describing the thermionic emission
mechanism [23], the apparent SBH for GET-SBD1 and
GET-SBD2 can be extracted to be 0.59 and 0.68 eV, respec-
tively. The ideality factor values are 1.30 and 1.23 for
GET-SBD1 and GET-SBD2, respectively. Besides the process
of the injection of majority carriers over the Schottky barrier,
there might be other current transport mechanisms (i.e., tunnel-
ing, trap-assisted tunneling, etc.) contributing to the ON-state
currents [23].
In Fig. 8(a) and (b), the statistical forward character-
istics (at 25 °C and 150 °C) of 25 power diodes with
10-mm anode width are presented for the GET-SBD1 and
GET-SBD2 architectures. A high forward current of ∼4 A
(at 2 V) at 25 °C for both GET-SBD1 and GET-SBD2 power
diodes is demonstrated, together with a low leakage current
shown in Fig. 6. This statistical evaluation confirms that the
GET-SBD architecture with IMP TiN as the anode metal shows
excellent performance with low leakage and high forward
currents which has been demonstrated on 10-mm power diodes
with high yield and good uniformity over a 200-mm silicon
wafers.
In Table II, a comparison of the temperature-dependent
leakage (at −200 V) of Si, SiC and GaN power diodes is
shown. The forward voltage to deliver 1 A for three diodes
is similar. The SiC diode shows the lowest leakage at both
25 °C and 150 °C. However, the substrate cost is around
2 orders of magnitude higher than Si and GaN-on-Si diodes.
A clear advantage of the GaN diode (GET-SBD2) compared
with Si diode lies in its weak temperature-dependent leakage.
Fig. 9. C–V measurements on GET-SBD2 with LG variations measured
at 100 kHz. The inset schematic structure shows the anode region of the
GET-SBD.
Fig. 10. Typical (a) OFF-state and (b) ON-state characteristics of the
GET-SBDs with different LG dimensions.
Our Au-free GET-SBD power diode with low leakage and high
forward currents demonstrates to be a promising candidate for
low-cost and high-performance power electronics.
C. LG Scaling
The gated edge termination (with lateral dimension LG )
in GET-SBD allows for the redistribution of the electric
field and the pinching-off of the 2DEG channel, thus low
leakage current has been obtained. It is important to note that
the dimension of LG contributes to the capacitance and the
ON-state resistance. As shown in Fig. 9, the capacitance–
voltage (C–V ) measurements have been performed at 100 kHz
on GET-SBD2 with different LG . By scaling down LG , the
capacitance reduces linearly resulting in a more compact
configuration. This can potentially reduce the cost and allows
for the improvement of ON-state characteristics in GET-SBD2.
In Fig. 10(a) and (b), typical OFF-state and ON-state char-
acteristics of GET-SBD2 (with LAC of 5 μm) with different
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Fig. 11. (a) Statistical plot of leakage current at VR of −100 V. (b) Statistical
values of VT and VF for GET-SBDs with a variation of LG dimensions.
LG are shown. The leakage characteristics of GET-SBDs show
no degradation by scaling down LG , while an improvement
in forward characteristics is observed [shown in Fig. 10(b)]
due to reduced series resistance. The statistics of leakage and
ON-state voltages are presented in Fig. 11(a) and (b), respec-
tively. By scaling down LG from 2 to 0.75 μm, the leakage
current is invariant and maintains a low value. From the
statistics of ON-state voltages, the turn-ON voltage does not
change with LG . A slight improvement of forward voltage is
shown in Fig. 11(b). The median value of the forward voltage
reduces from 1.22 V to 1.16 V by scaling down the LG from
2.0 μm to 0.75 μm.
From the results shown in Fig. 11, a leakage current
of ∼10.0 nA/mm and a forward voltage of 1.16 V have been
achieved in GET-SBD2 (with IMP TiN) with LG of 0.75 μm.
Shrinking LG allows for further optimization of the ON-state
characteristics and a more compact design for further cost
reduction of Au-free GaN-on-Si technology.
D. Benchmarking of Leakage Versus Forward
Voltage, BV Versus RON,SP
In this section, we firstly benchmark earlier reported
AlGaN/GaN lateral SBDs and this work (both Au-free and
Ni/Au-based technologies) in terms of leakage current (at VR
of −200 V, leakage value from [13] was taken at −127 V)
and the forward voltage (at forward current of 100 mA/mm).
As shown in Fig. 12, most of the reported AlGaN/GaN SBDs
were fabricated using Ni/Au or Pt-based anode metal stacks,
which are not compatible with the Si-based processing lines.
Our Au-free AlGaN/GaN GET-SBDs with the optimized TiN
metal show low leakage current of ∼10 nA/mm, which shows
competitive performance over most reported data. By scaling
down the LG parameter, the forward voltage can be fur-
ther reduced without degradation of OFF-state characteristics.
This work, to the best of our knowledge, leads to lateral
AlGaN/GaN SBDs with the state-of-the-art performance in
terms of combined low leakage and low forward voltage.
Moreover, excellent characteristics have been demonstrated on
power diodes with good yield and uniformity (at both 25 °C
and 150 °C) on 200-mm silicon substrate and realized by
fabrication in a CMOS-compatible process line.
In Fig. 13, the benchmark plot of BV versus RON,SP for
lateral AlGaN/GaN SBDs on Si and SiC substrates is shown.
Fig. 12. Benchmarking the leakage current and forward voltage of lateral
AlGaN/GaN Schottky diodes with Ni/Au and Au-free technology.
Fig. 13. Benchmarking the BV and specific on-resistance of lateral
AlGaN/GaN on silicon and SiC substrate.
The high-performance GET-SBD with LAC of 5 μm demon-
strates a power FOM (BV2/RON,SP) as high as 2.5 GW/cm2.
However, GET-SBD with LAC of 10 μm did not show further
increase of BV due to the limitation from the buffer.
IV. CONCLUSION
This paper optimizes the leakage current of Au-free
AlGaN/GaN GET-SBDs by using IMP TiN with a high
work-function. A further improvement of the forward voltage
is achieved by scaling down the layout parameter LG without
degrading the leakage characteristics, thus a more compact
design can be realized for further cost reduction. High-
performance AlGaN/GaN GET-SBDs have been demonstrated
with 10-mm power diodes, showing high yield and good
uniformity with 200-mm silicon substrates. Our GaN power
diodes show weak temperature-dependent leakage compared
with Si and SiC vertical diodes. The benchmarking of lateral
AlGaN/GaN SBDs shows that our optimized Au-free 200-V
AlGaN/GaN GET-SBDs are competitive in terms of low
leakage current and low forward voltage in comparison with
reported data from the literature. To boost the BV of the
GET-SBD and allow for higher voltage operation, the design
of a more resistive buffer is required.
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